Abstract: We propose a multiple-input-multiple-output (M Â N) optical switch with the same optical system as that used for a single-input-multiple-output (1 Â N) switch based on a liquid crystal on silicon (LCOS). The proposed M Â N switch can route multiple signals simultaneously from different plural inputs to plural outputs, which is called multipole multithrow (MPMT). In addition, our switch configuration can multiply an MPMT switch due to its multicast capacity by beam splitting with holographic phase modulation on the LCOS. We demonstrate a two-degree ROADM using our proposed 4 Â 4 wavelength selective switch. The experimental results show that a two-degree ROADM node can be realized by using this switch. The increase in the insertion loss caused by the MPMT switching function is 3 dB due to beam splitting and 3-4.1 dB due to imperfections in the holographic phase modulations. The maximum port crosstalk (XT) is −20.0 dB.
Introduction
Wavelength selective switches (WSSs) [1] , [2] play an important role in reconfigurable optical add/drop multiplexer (ROADM) networks that provide a routing function for wavelength division multiplexing (WDM) channels [3] . Recently, it has become necessary for ROADM networks to handle multi-degree path routing [4] , [5] . However, as the degree increases, the nodes in the networks become more complex, which leads to increases in cost and size. M Â N WSSs, which integrate an ROADM function in a module, have been developed by using route and select (R&S) [6] , [7] and broadcast and select (B&S) configurations [8] - [10] . The R&S type M Â N WSS consists of output-routing WSSs and input-selecting WSSs, as shown in Fig. 1(a) . Although the R&S configuration has advantages such as no intrinsic loss and high port isolation, it requires a lot of WSSs or switching engines. For example, an R&S type M Â N WSS has been reported that uses multiple micro electro mechanical system (MEMS) mirror arrays [7] . WSS uses half the number of beam steering engines used by the R&S type. Therefore, the footprint of the module can be roughly halved. These advantages have led to several reports of B&S type M Â N WSSs realized by using a computer generated hologram (CGH) technique [8] , [9] and spatial and planar optical circuit platforms [10] . However, the drawback is the principal loss, which is caused by the broadcasting function provided by optical splitters, which are substituted for the output-selecting WSSs in the R&S configuration.
In this paper, we propose a loss-reduced B&S type WSS, which consists of an array of multipole multi-throw (MPMT) switches. The technique for realizing a multicasting function by CGH provides an MPMT switch array that contributes to the loss reduction of the M Â N WSS. We also demonstrate the proposed technique with a 4 Â 4 WSS and apply it to a 2-degree ROADM node.
In Section 2, we describe a B&S type M Â N WSS based on the CGH method and the MPMT switch. Section 3 describes the proposed M Â N switch, which consists of an array of MPMT switches. As an application of the proposed switch, we demonstrate a 2-degree ROADM switch in Section 4. Section 5 concludes this paper. Fig. 2 [8] , [9] . The optical system is the same as that of a conventional 1 Â N WSS with a liquid crystal on silicon (LCOS) switching engine as shown in Fig. 2 . One of the advantages of our proposal is that the optics are as simple as the conventional 1 Â N WSS.
The LCOS can modulate the wavefront of an incident light using pixels arranged in two dimensions, and so the switch connection states can be altered by controlling the diffraction angle [1] . In WSSs based on LCOS, WDM signals from an input port are demultiplexed by the dispersion elements in the dispersion axis, and each wavelength channel is focused at a different position on the LCOS [see Fig. 2(a) ]. The wavefront of each wavelength beam entering the LCOS is modulated, and such incident beams are reflected and diffracted. After the beams are multiplexed by the dispersion elements, they are connected to one of the output ports, which are vertically aligned along the dispersion axis or switching axis [see Fig. 2(b) ]. The diffraction angle of the beam changes according to the period of the phase modulation pattern, such as a blaze pattern, along the switching axis. Therefore, the focal point on a line with output ports can be controlled by the spatial period of such patterns to provide port switching.
B&S type M Â N WSS functionality can be achieved with the CGH technique if we install multiple inputs in the system. All incoming signal lights from multiple inputs with the same wavelength are focused on the same position on an LCOS. In this optical system, the difference between the angles of incident beams from two input ports is the same as that between the diffraction angles of beams from the above two input ports. Therefore, with a single blaze pattern, these signals with the same wavelength cannot be controlled independently, with the result that only one of the signal lights can be connected to one of the output ports. However, if we apply a phase pattern that is generated by holography, the signals from different inputs can be routed to different output ports independently. Fig. 3 (a) and (b), respectively, show the switching function and the mechanism of a CGH-based M Â N WSS. The figure shows a schematic configuration with three inputs and three outputs with a proper I/O port arrangement. Consider a case where the lightwaves from inputs 1-3 are routed to outputs 1-3 [In-1 ! Out-1, In-2 ! Out-2, In-3 ! Out-3], respectively. All the signals from inputs 1-3, which are incident at the same position on the LCOS, are split into multiple angles by the holographic pattern [11] . The CGH technique allows us to alter the routing state for a given connection without affecting the others. The phase pattern designed with the CGH method splits the input bundles into multiple bundles, which have different propagation angles. To avoid any unexpected connection, only one of signal beams in each bundle is connected to the output port. This rule requires that the difference between the angles of the incident beams from any two input ports and the difference between the diffraction angles connecting any two output ports should not be the same [9] .
For example, the routing state
. At this point, because all the lightwaves experience the same phase pattern, two-thirds of the power from an input is reflected in an undesignated direction, and as a result, splitting loss occurs. In other connections, the portion of a lightwave where a CGH-based WSS is affected by the other state is lost. Thus, intrinsic loss appears in the CGH-based WSS. This loss is translated into the splitting loss of the B&S configuration.
Multi-Pole Multi-Throw Function
The multi-pole multi-throw functionality is common in electrical switches [12] . The function is illustrated in Fig. 4(a) for two input signals (pole) to two output states (throw). In-A and In-B can be connected to Out-A1 or Out-A2 and Out-B1 or Out-B2. This switch routes signals from In-A and In-B simultaneously. In other words, the switching state of [In-A ! Out-A1, In-B ! Out-B1] to the other state of [In-A ! Out-A2, In-B ! Out-B2]. Although the switch has multiple input and multiple output ports, there is no intrinsic loss caused by beam splitting. Fig. 4(b) shows the optical system of a two-pole two-throw optical switch with 2-f optics and the LCOS. The optics is the same as that of a 1 Â N WSS in the switching plane. In this optical system, the difference between the diffraction angles from the LCOS is the same as the difference between the incident angles. If the output angle differences between the output ports are the same as those of the incident angle between the input beams, one phase modulation pattern can connect plural input ports to plural output ports (MPMT function).
The general assumption is that we have an MPMT switch with inputs indexed 1, 2, 3, . . ., and with outputs indexed 1, 2, . . .. Therefore, in the MPMT switch, two output ports indexed X and Y satisfy (1) and realize simultaneous switching
where outX and outY are the angles of diffraction connecting to the output ports, which are indexed X and Y, and inI and inJ are the angles of incidence from two input ports, which are indexed I and J. 
Principle of Multicast MPMT Switch
By combining the CGH-based multicasting function and the MPMT based port arrangement, we can reduce the principal loss caused by the beam splitting of the B&S type M Â N WSS. Fig. 5(a) shows the switching function of the proposed multicast-MPMT switch that realizes an array of MPMT switches. Signals 1-4 are split into two and bundled into sets A and B. These sets can be controlled independently by the multicasting function described in Section 2.1. For example, this switch can route bundle-A to form a switching state of [In3 ! out1, In4 ! out2] to another state of [In1 ! out1, In2 ! out2] without a change in the switching state of bundle-B. The ramification number is reduced from the above B&S type M Â N switch whose ramification number is four by an MPMT function, leading to a reduction in the principal loss caused by beam splitting. Fig. 5(b) shows the optical configuration of the proposed multicast-MPMT switch, which is the same as that of the CGH based M Â N switch except for the port arrangement. We arrange the output ports so that the difference between the diffraction angles is the same as the difference between the diffraction angles connecting the output ports, thus realizing an MPMT function [see (1) ]. Moreover, the MPMT switches are arrayed by the multicast function using the phase pattern designed by the CGH method array. The loss is thus reduced.
Application

ROADM Switch
In this section, we describe a 4 Â 4 switch and a 2-degree ROADM switch that employ our proposed switch. Fig. 6(a) shows the switching function of the CGH based B&S type 4 Â 4 switch without the MPMT function. All input signals are split into four portions. The 4 Â 1 switch, which is connected to an output, selects one of the split signals from a different input. The ramification number is four and the principal loss caused by beam splitting is 6 dB.
When the simultaneous switching of multiple input beams is allowed, this intrinsic loss can be reduced by using the MPMT function. Generally, in ROADM networks, transmitted and received signals connected to the same node have an identical wavelength. In other words, for a particular fiber direction, when an In-port is connected to a Drop-port, an Add-port should be connected to an Out-port. Our multicast-MPMT switch is suitable for such simultaneous switching. Fig. 6(b) shows the switching function of a 2-degree ROADM node based on the proposed switch. The switch has four input ports, i.e., In-1, Add-1, Add-2, In-2, and four output ports, i.e., Drop-2, Out-2, Out-1, Drop-1, on the output side. The four inputs are split into two bundles: Bundle-A and Bundle-B. The operation in the Add/Drop state is as follows: In Bundle-A, In-1 and Add-1 are connected to Drop-2 and Out-2, respectively. Add-2 and In-2 are not connected to any port. In contrast, in Bundle-B, Add-2 and In-2 are connected to Out-1 and Drop-1, and In-1 and Add-1 are discarded. As a whole, Add/Drop connections for both fiber directions are established with a principal loss of 3 dB. By contrast, in the Through state, the outputs of Bundle-A and Bundle-B are shifted by one port and the connection changes as follows: In Bundle-A, In-1 is connected to Out-2 and the others are not connected to any output ports. In Bundle-B, In-2 is connected to Out-1 and the others are not connected to any ports. The switch could set the state of Bundle-A to Add/Drop and Bundle-B to Through. However, since no such operation is assumed in an ROADM node, in this work we set both groups in the same state. This multicast-MPMT switch can reduce the ramification number in the 4 Â 4 switch from four to two. By comparison, the above 4 Â 4 switch can independently route all the input beams, resulting in a reduction of the principal loss from 6 dB to 3 dB.
When 1 Â N WSSs and splitters are used, we need multiple WSSs and splitters to achieve the same function as the 2-degree ROADM node. In contrast, our M Â N switch can achieve this function by just one module with the same optics as that of the conventional 1 Â N WSS. This MPMT function is applicable to higher degree optical nodes.
Experimental Results
In this section, we show the results of verification experiments we performed for the 2-degree ROADM using the CGH based 4 Â 4 WSS with and without the MPMT function. Fig. 7 shows the optical system of both 4 Â 4 WSSs used in the verification experiments. The system consists of input/output ports, polarization diversity optics (a polarization beam splitter (PBS) and a half-wave plate (HWP)), a diffraction grating device, lenses and an LCOS-based beam steering device. The focusing lengths of the collimating, switching and dispersion lenses are 12, 150, and 100 mm, respectively. The set of polarization diversity optics is constructed on the dispersion axis, because the LCOS can modulate the wavefront of the odd polarized component. The patterns for spatial phase modulation on the LCOS are designed by using the optimization algorithm used in the CGH method [13] . In the calculation of CGH, the first initial pattern is randomly set. Then the phase pattern is randomly modified along the switching axis. Transmittances for designated ports are then calculated by overlap integral. These steps are iterated and the transmittances of each step are compared so that the phase pattern in the next step can be determined. By these calculations, the transmittances for the ports are maximized. In these experiments, light with a wavelength of around 1545 nm was input into each port. The wavelength band was divided into three channels in the 4 Â 4 WSS without the MPMT function and two channels in the 4 Â 4 WSS with the MPMT function, respectively. These separated wavelength channels were indexed 1, 2, and 3 from the shorter wavelength. Table 1 shows the connection plan for each wavelength channel in each input port of the 4 Â 4 WSS without the MPMT function. Fig. 8 shows the measured transmittance (T) of this switch. Each channel from the input is connected to the output in accordance with the connection plan in Table 1 . In the phase pattern of this experiment, the areas for each wavelength channel are separated by a block pattern in order to demonstrate the isolation function. This result shows that each incident signal is connected only to the selected output port. Here, the maximum port crosstalk is −20.0 dB, and the increase in the insertion loss from the original insertion loss of these optics in a 1 Â N WSS operation is 6 dB, caused by beam splitting, and 0.9 to 3.1 dB, caused by CGH imperfections. This intrinsic loss caused by beam splitting was reduced by the MPMT function. Table 2 shows the connection plan for each wavelength channel in each input and add port of the 2-degree ROADM node using the proposed 4 Â 4 WSS with the MPMT function. There are two possible states of signals input to such a node. One is a "Through state," where the signals from an input port from one direction are routed to an output port to the other direction, and the other is an "Add/Drop state," where the signals from an input port are routed to drop ports and add ports are connected to output ports. The wavelength channels take these states. In the experiment, we demonstrated states where the channel indexed 1 is the "Add/Drop state" and the channel indexed 2 is the "Through state." Fig. 9 shows the measured T. The increase in the insertion loss from the MPMT switching function is 3 dB, which was reduced by the MPMT function, caused by beam splitting and 3 to 4.1 dB caused by CGH imperfections. Compared with the 4 Â 4 WSS without the MPMT function, the maximum increase in the insertion loss is reduced from 9.1 dB to 7.1 dB by reducing the ramification number. The maximum port XT is −20.0 dB. This indicates that the proposed switch for 2-degree ROADM can operate correctly. The port XT and insertion loss can be improved by optimizing the design of the phase modulation patterns.
The degradation factors of the port XT are the number of pixels that overlap the input lightwave, the accuracy of the phase levels, and the disclination effect, which is unique in liquid crystal devices [14] . More detailed analysis is required to clarify the effect of these factors.
Conclusion
We proposed an optical switch that can connect multiple input beams to multiple output ports, which is based on the multi-pole multi-throw (MPMT) function. The switch consists of simple optics. Our switch configuration can multiply the MPMT switch thanks to a multicast capacity realized by the beam splitting with holographic phase modulation on the LCOS. We demonstrated a 2-degree ROADM as an example application of the proposed switch. By employing the MPMT function, the intrinsic loss from beam splitting is reduced to 3 dB, which is lower than that of a B&S type 4 Â 4 WSS based on a hologram. In this experiment, the CGH imperfections caused an increase in the insertion loss of 3 to 4.1 dB. The maximum port crosstalk (XT) was less than −20.0 dB. The port XT and insertion loss could be improved by optimizing the design of the phase modulation patterns. We expect this switch to be used in new applications.
